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ABSTRACT 
Retinal photoreceptors are essentially directed towards the 
centre of the eye’s pupil. It was suggested that the 
photoreceptors directionality is linked to the optical 
aberrations induced by the cornea and crystalline lens in 
the eye in a way that the total system performance is 
optimised.  We show that cone directionality can be 
modelled using a two-dimensional Gaussian function 
whose parameters vary according to the measured 
monochromatic aberrations of the eye. Our modelling is 
based on a hypothesis that cones directionality is 
optimised so that the resulting retinal image quality is 
maximised. This methodology can also be used in 
automatic image enhancement systems for correcting 
higher-order aberrations. 
 
1 INTRODUCTION 
The optical component of the human on-axis vision 
system can be assumed as a linear optical system with an 
object at the entrance pupil and an image at the retina 
acting as an input and output of the system, respectively. 
Within such a system, linear system theory and Fourier 
theory can be applied. The optical component of the 
human vision system can be uniquely described by the 
complex pupil function (CPF), given in an analytical form 
as [1] 
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where A(x,y) is the amplitude transmittance pupil function 
(ATF) representing the directionality of retinal 
photoreceptors (cones), W(x,y) is the wavefront error 
function, and (x,y) are Cartesian coordinates.  
 
The directionality of photoreceptors in the human eye 
refers to the observation that light entering the centre of 
the pupil is more efficient in eliciting a visual response 
than the light at the periphery of the pupil. It is also known 
as the Stiles-Crawford effect (SCE) [2]. The phenomenon 
is achieved by the waveguide properties of the retinal 
cone. Cone directionality has a positive effect on vision 
since the optical aberrations of the eye normally increase 
in the pupil periphery and it can be measured by 
psychophysical or reflectometric methods [3]. 
 
The wavefront error function, W(x,y), represents the 
optical imperfections or deviations from ideal optics. This 
function is often expanded into a polynomial series 
(Taylor or Zernike). In the series, some lower order terms 
are used to describe certain aberrations such as defocus or 
astigmatism while higher terms represent higher order 
aberrations such as coma or spherical aberration. The latter 
cannot be corrected with typical spectacles. 
Monochromatic aberrations can be measured by using an 
aberroscope [4] or a Hartmann Shack sensor [5].  
 
Cone directionality and wavefront aberrations widely vary 
from subject to subject. It has been suggested that both the 
amplitude transmittance pupil function and the wavefront 
error function be actively controlled. There may exist a 
natural relationship between the optical aberration and 
cone directionality [6].  
 
These factors significantly influence the quality of the 
image that falls on the retina. To objectively assess the 
relationship between cone directionality and 
monochromatic aberrations one needs to measure the total 
aberrations of the eye and the Stile-Crawford effect. 
However, accurate methods for measuring this effect are 
difficult and time-consuming. 
 
We propose to model the amplitude transmittance pupil 
function (cone directionality) based on the measured 
monochromatic aberrations of the human eye. The 
modelling is based on the assumption that retinal cones try 
to optimise the human eye’s optics so that the quality of 
the resulting retinal images is maximised. 
The paper is organised as follows. In the next section we 
provide details on modelling the interactions between the 
wavefront aberrations and directionality of cone 
photoreceptors. In section 3, we provide experimental 
result for two subjects with significant amount of 
aberrations, before concluding. 
 
2 MODELLING DIRECTIONALITY OF 
CONE PHOTORECEPTORS  
To model the interaction between the wavefront error 
function and the pupil transmittance function, we used the 
concept of the point-spread function (PSF). PSF is 
essentially the magnitude square of the Fourier 
transformation of the CPF 
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For given measured monochromatic aberrations, an 
optimal ATF, Ao(x,y), can be found in an optimisation 
process that maximises the amount of the energy under the 
main lobe of the PSF. The ATF can be modelled, as it will 
be shown later, by a two-dimensional Gaussian function in 
which the four parameters x0, y0, σx, and σy are to be 
optimised. 
 
We choose to represent the wavefront error function in 
terms of the first 15 terms of Taylor series, 
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where ε represents the modelling and measurement error.  
 
We have established that in an aberration free system (i.e. 
W(x, y) = 0), the optimal PSF has over 97% of the energy 
concentrated under its main lobe, which has a normalised 
radius of 0.05, and the maximum energy at the centre. 
Also, 99% of the energy in the PSF is confined within a 
normalised circle of 0.2. The ratio (ER) of the total energy 
within 0.05 and the total energy within 0.2, both with the 
maximum energy at the centre, is used as the criterion for 
the optimisation. It indicates the concentration of the 
energy in the optimisation algorithm. 
 
2.1 Modelling the ATF 
 
We modelled the human eye by a reduced schematic eye, 
which has an aspheric refracting corneal surface of radius 
6mm, and does not have a lens. But, in an optical system, 
the refractive index of all ocular media can be regarded as 
uniform except the lens [7]. To further model the internal 
structure of the eye, the refractive index (ni) at each entry 
point of the pupillary aperture of the reduced eye is varied 
(from 1.331 to 1.344) in order to focus the entering rays 
onto the centre of the fovea. 
 
The fovea is a circular disc situated at the back and on the 
line of sight of the eye, and has a radius of 0.1mm [8]. 
More than four hundred thousand cones are contained in 
the fovea [9]. A hollow tube of radius 0.1mm represents 
the fovea. The refractive index of the core (nco) and the 
cladding (ncl) are 1.361 and 1.347 respectively [10]. 
 
The parallel rays of a far distance point source enter the 
pupil, are refracted by the cornea, and then they enter the 
fovea. The angle of every ray made with the line of sight is 
the incident angle (θic) to the fovea. The radius of the 
cones varies over the fovea and 80% of the centre to centre 
spacing of the cones is the entrance aperture [9]. We 
modelled the average cone with a radius (ρ) of 1µm. 
 
The number of modes that are guides by a waveguide 
depends on the waveguide parameter V defined by 
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where λ is the wavelength in vacuum. By using the data 
obtained for the average cone, yields V = 2.2043. 
According to the properties of the step-profile fibre, only 
the mode HE11, which is the fundamental mode, has lower 
cut-off value [11], and thus is capable of propagating 
along to the end of the cone. 
 
In a weakly guided fibre, the total power of the 
illumination beam (Pi) is given by 
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where ε0 is the permittivity of free space and µ0 is the 
permeability of free space. 
 
The radial distribution and total power of the Gaussian 
beam are given by 
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respectively, where ρs is the beam spot size. The fraction 
of beam power entering the cone for fundamental mode, 
assuming ni = nco, is 
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where r0 = ρ/V1/2 is the mode spot size, k = 2pi/λ is the 
free-space wave number and λ is the free-space 
wavelength [12]. 
 
After taking into account of the illumination factor, the 
fraction of beam power entering the fovea is [13] 
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Thus, we modelled the fovea as a single cone. To perform 
the matching, all the parameters are unchanged, only the 
radius of the fovea is shrunk from 0.1mm to 1µm. The 
results of the modelling are shown in Fig. 1. It is shown in 
the graph that the SCE can be modelled by a Gaussian 
function. 
 
 
 
Fig. 1. The SCE of the cone. 
 
 
3 EXPERIMENTAL RESULTS 
We present in this section results of optimising the 
amplitude pupil transmittance function for two subjects. 
The first (subject A) has a keratoconus; a condition in 
which the corneal irregularities causes aberration called 
coma. The second (subject B) has significant amount of 
astigmatism.  
 
For subject A, the wavefront error, W(x, y) has the 
following coefficients (after spherocylindrical correction):  
B = –2.8284, G = 4.2426, and I = 4.2426. In this case, the 
PSF and the resulting retinal image are horizontally 
smeared.  
 
We use then the proposed optimisation method to find the 
best amplitude transmittance function that would optimise 
the quality of the resulting retinal image. In Fig. 2, we 
show the contour of the PSF when the optical system is 
not optimised (left), and when all four parameters are 
optimised (right). In the case of coma this is equivalent to 
optimising σx and σy only. 
 
 
 
   (a) 
 
 
   (b) 
 
Fig. 2. The contour of the PSF for coma when the 
pupil transmittance function is not optimised (a), 
where x0 = 0, y0 = 0, σx = 0.62, σy = 0.62 and ER = 
0.4301. When it is optimised (b), where x0 = 0, y0 = 0 
σx = 0.275, σy = 0.375 and ER = 0.5214 
 
Similarly, we have applied our methodology to aberration 
data of a subject B. After spherocylindrical correction, the 
coefficients G to O of the wavefront error function have 
been estimated as 
 
[G…O] = [0.426, -0.731, 1.21, -0.724, -1.399, … 
   -0.163, -2.198, 0.058, 1.075] 
 
In Fig. 3, we show the contour of the PSF when the optical 
system of our subject is not optimised (left), when only σx 
and σy are optimised (centre) and when all four parameters 
are optimised (right). The positive effect of the 
optimisation on the PSF, which ideally should approach 
delta function, is clearly seen. 
 (a) 
 
(b) 
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Fig. 3. The contour of the PSF for subject with 
significant amount of astigmatism when the pupil 
transmittance function is not optimised (a), where x0 
= 0, y0 = 0, σx = 0.62, σy = 0.62 and ER = 0.0869; 
when only σx and σy are optimised (b), where x0 = 0, 
y0 = 0, σx = 0.3, σy = 0.05 and ER = 0.1834; and 
when all four parameters are optimised (c), where x0 
= -0.31, y0 = -0.66, σx = 0.18, σy = 0.2 and ER = 
0.2277. 
4 CONCLUSION 
The modelling of the SCE of the human eye as a Gaussian 
or shifted Gaussian function has been demonstrated. The 
optimisation process has been used to optimise two 
different eyes, which have significant amount of higher 
order aberrations, and shown significant improvement in 
the corresponding PSFs. The proposed methodology could 
be used for cost-effective image enhancement in optical 
systems, which suffer from higher-order monochromatic 
aberrations. Currently such systems have to be corrected 
with adaptive optics. 
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